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Salt cressSalt cress (Thellungiella halophila) has become a desirable plant model for molecular analysis of the
mechanisms of salt tolerance. Analysis of its physiological action and expressed EST has resulted in better
understanding. However, less is knownabout its genomic features. Herewedetermined a continuous sequence
approximately 83 kb from a salt cress BAC clone, providing the ﬁrst insight into the genomic feature for this
species. The gene density is approximately one gene per 3.6 kb in this sequence. Many types of repetitive
sequences are present in this salt cress sequence, including LTR retroelements, DNA transposons and a number
of simple sequence repeats. Comparison of sequence similarity indicated that salt cress shares a close
relationshipwith Arabidopsis. Extensive conservation and high-levelmicrocolinearitywere uncovered for both
genomes. Our study also indicated that genomic DNA alternations (involving chromosome inversion, sequence
loss and gene translocation) contributed to the genomic discrepancies between salt cress and Arabidopsis.
© 2009 Elsevier Inc. All rights reserved.Introduction
High salt concentrations in soil create an unfavorable environment
for crops and are regarded as a serious agricultural problem
worldwide. High soil salinity can negatively impact normal crop
growth and create yield loss in agriculture. In order to survive under
the stress condition, different plant species adapt to the environment
with various mechanisms. Numerous efforts have been made to study
the mechanism of plant salt tolerance, including the studies usingdK, The distance estimated by
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ll rights reserved.unicellular organisms (e.g. bacteria, yeast and algae) and the plant
model Arabidopsis thaliana [1,2]. Unicellular systems provide the
advantage of rapid analysis for characterizing salt tolerance genes.
However, those unicellular systems are different from plant cells; they
could not represent the mechanisms of plant salt tolerance adequate-
ly. With signiﬁcant technological advantages, Arabidopsis is chosen as
a genetic model organism for salt tolerance research [2–4]. However,
as a typical glycophytic plant it is not especially tolerant of high
salinity, making it a poor model for salt tolerance studies. Therefore,
halophytic plants have been used extensively for physiological and
biochemical research on salt stress. Furthermore, the response of
halophytic plants to saline stress has been molecularly studied.
Recently, transcript proﬁles of salinity stress in halophytes, such as
Mesembryanthemum crystallinum (common ice plant) and mangrove
were reported [5,6]. Unfortunately, because the majority of halo-
phytes are genetically intractable materials, these investigations face
considerable challenges.
Salt cress (Thellungiella halophila), a close relative of Arabidopsis
thaliana (average 92% nucleotide identity in cDNA sequences) in the
Brassicaceae family, was used in saline stress studies [7,8]. It is able to
tolerate seawater-level salinity and can reproduce after exposure to
extreme salinity with 500 mM NaCl far beyond the capacity of Ara-
bidopsis [8]. In addition, some ecotypes of Thellungiella survive under
the condition of −18 °C and can withstand water losses in excess of
40% of its fresh weight [9]. It has many desirable traits such as a small
stature, short life cycle, self-pollination, abundant seed number and a
small genome (240 Mb (2n=14)) so that it can serve as a valuable
325Z. Deng et al. / Genomics 94 (2009) 324–332halophytic genetic model plant with experimental convenience
similar to that of Arabidopsis [3,7,8,10]. As such, genetic andmolecular
biology experiments can easily be manipulated in the same way for
both species [8,11,12]. Moreover, the gene sequences in the two
plants should be nearly identical, as demonstrated by the analysis of
expressed Sequence Tags (ESTs) of salt cress [13]. Hence, in contrast
to other halophytes, salt cress is recognized as an ideal plant model for
salt-stress investigation. Recently, the basic characters in biology,
physiology and genetics for salt cress have been described [8]. In
addition, using a comparative genomic approach, gene expression
proﬁles in salt cress were analyzed with a full-length Arabidopsis
cDNA microarray [8,14–16]. The results indicated that many previ-
ously characterized salt-stress genes of Arabidopsis were regulated
differently in salt cress and only a few salt cress genes were salt
inducible [8,14–16]. Recently, the work on comparative sequence
analysis of the SOS1 ( SALT OVERLY SENSITIVE1) orthologous region in
salt cress and Arabidopsis was reported during the reviewing process
of this work [17]. A 193-kb salt cress BAC containing a putative SOS1
locus (ThSOS1) was sequenced, annotated and compared with the
orthologous 146-kb region of the Arabidopsis genome [17]. Despite
these achievements, our knowledge of the genetics and genomics of
salt cress is still limited, restricting our ability to dissect the molecular
mechanisms underlying salt tolerance of salt cress.
In this study, we investigated the molecular basis of salt tolerance
in salt cress using genetic and genomic approaches and constructed a
BiBAC2 vector-based BAC library for salt cress. As a ﬁrst step toward
learning the genomic features of salt cress, we completely sequenced
a BAC clone, ThBAC2, randomly chosen from the BAC library. We
annotated the predicted ORFs and repeat elements harbored in the
BAC sequence and analyzed the microcolinearity between salt cress
and Arabidopsis.
Result and discussion
Sequencing and annotation of genes within the ThBAC2
We used the shotgun sequencing approach to determine the
sequence of the DNA fragment inserted in the BAC clone, ThBAC2. The
complete sequence was found to be approximately 83 kb (82,919 bp,Table 1
Gene prediction in salt cress 83-kb sequence.
ID Strand Region Best protein
homolog
E-value P
Th1 + 129–473 At5g66400.1 4e-11 D
Th2 + 2227–3889 At5g66390.1 e-173 P
Th3 + 4515–6627 At5g66380.1 e-156 M
Th4 − 7384 –8564 At5g66360.1 e-151 R
Th5 − 8945–10408 At3g53210.1 e-140 N
Th6 + 19760–21286 At5g66350.1 3e-75 Z
Th7 − 24473–25256 At1g77370.1 6e-45 G
Th8 + 28341–29441 At5g66320.1 e-125 Z
Th9 + 32392–36900 At5g66310.1 0.0 K
Th10 + 45333–46783 At5g66300.1 e-115 N
Th11 + 47402–48677 At5g66290.1 1e-59 E
Th12 − 49120–50229 At5g66280.1 0.0 G
Th13 + 51657–53199 At5g66270.1 e-111 Z
Th14 − 53825–56578 At5g66420.1 0.0 E
Th15 − 60253–61071 At5g66440.1 1e-78 E
Th16 + 65643–66844 At5g66450.1 2e-94 P
Th17 − 66974–69067 At3g47840.1 0.0 P
Th18 − 69487–71589 At5g66460.1 0.0 (
Th19 − 72964–75136 At5g66470.1 0.0 E
Th20 − 75473–77049 At5g66480.1 3e-27 E
Th21 − 78095–78412 At5g66490.1 2e-24 E
Th22 − 78763–80346 At5g66500.1 0.0 P
Th23 − 80767–82336 At5g66510.1 2e-72 B
Th24 + 82798–82927 At5g66520.1 3e-07 P
a Sequence identities were not calculated for the partial ORFs Th1 and Th24.GenBank accession number DQ226510) with the base composition of
39.7% GC. The ORF prediction was conducted computationally with
the aid of the programs FGENESH, GENSCAN and GENEMARK.HMM.
Initially, 23, 20 and 29 ORFs were found by FGENESH, GENSCAN and
GENEMARK.HMM, respectively. The ORF numbers and exon/intron
positions produced by the three programs are not perfectly consistent.
In order to achieve more precision, we further evaluated each of the
predicted ORFs by searching for homologous sequences (ESTs and
annotated genes) from Arabidopsis, and comparing the sequences by
alignment. Of the three programs, we found that FGENESH exhibited
high gene-ﬁnding potential and produced the most accurate results.
Thus, the majority of the ORFs selected for further analysis were
predicted by FGENESH, except Th17 and Th18, which were produced
by GENESCAN, and Th22 and Th23, which were produced by GENE-
MARK.HMM. Another two ORFs, resembling the polyprotein genes
from LTR-type retrotransposons, were not included in the ﬁnal result.
Consequently, a total of 24 putative genes were identiﬁed within the
83-kb salt cress DNA (Table 1). The entire coding sequence was
determined for 22 of the predicted genes. Two other ORFs (Th1 and
Th24), which are located at each border of the ThBAC2 sequence,
represent partial genes according to the alignment with their
homologous sequences, indicating that their sequences are not fully
contained by the BAC clone. There is no in-frame internal stop codon
for all of the salt cress ORFs and no pseudogene was found.
The homologous plant proteins for each of the predicted ORFs
were found in the database based on BLAST analysis. They show the
highest similarity with Arabidopsis genes (Table 1). Therefore, none of
them appear to be a novel sequence outside of the database. In
comparison with proteins from Arabidopsis, the predicted proteins
show sequence identities ranging from 53% (represented by Th13) to
94% (represented by Th19). Sixteen of the ORFs have sequence
identities over 70%, indicating a high level of gene conservation
shared by the two species.
The putative genes in ThBAC2 are functionally related to diverse
biological processes in salt cress, as inferred from their homologous
proteins (Table 1). They can be roughly divided into groups according
to their conceptual functions: stress response, transcription, trans-
porter, mitochondria or chloroplast function-related, signaling,
metabolism and unknown function. For instance, Th1 and Th2 areredicted gene product Sequence identity
(amino acids)
ehydrin (RAB18) a
eroxidase 72 93
itochondrial substrate carrier family protein 89
ibosomal RNA adenine dimethylase family protein 76
odulin MtN21 family protein 76
inc ﬁnger protein 71
lutaredoxin 94
inc ﬁnger (GATA type) family protein 68
inesin motor family protein 70
o apical meristem (NAM) family protein 75
xpressed protein 92
DP-D-mannose 4,6-dehydratase 91
inc ﬁnger (CCCH-type) family protein 53
xpressed protein 84
xpressed protein 65
hosphatidic acid phosphatase-related/PAP2-related 68
PR 77
1-4)-beta-mannan endohydrolase 85
xpressed protein 84
xpressed protein 57
xpressed protein 53
entatricopeptide (PPR) repeat 80
acterial transferase hexapeptide repeat-containing protein 89
entatricopeptide (PPR) repeat-containing protein a
326 Z. Deng et al. / Genomics 94 (2009) 324–332closely adjacent in salt cress DNA and both of them are putative
stress-related genes. Th1 encodes a deduced protein homologous to
RAB 18 (At5g66400.1) which has been experimentally proven to be an
ABA inducible protein [18,19]. Th2 encodes the protein homologous to
peroxidase 72 (At5g66390.1), a member of the peroxidase (POD)
family. Peroxidases, which use H2O2 as the electron acceptor for
catalyzing different oxidative reactions, are associated with oxidative
stress [20]. Four transcription factors are present in the 83-kb salt
cress DNA, indicating that the analyzed BAC clone contains a
transcription factor-enriched DNA region. Three of the four transcrip-
tion factors resemble the zinc ﬁnger proteins from Arabidopsis.
Among them, Th6 has high sequence similarity to At5g66350.1
which encodes SHI (short internodes) protein, one of the important
components participating in GA signaling responsiveness [21].
Whereas, Th8 and Th13 are highly homologous to the uncharacterized
zinc ﬁnger proteins encoded by At5g66320.1 and At5g66270.1,
respectively. The three zinc proteins belong to different subfamilies
according to their motif characteristics (Table 1); furthermore,
signiﬁcant sequence similarity was not detected, demonstrating that
they are not paralogous. Another putative transcription factor
encoded by Th10, possesses the typical NAC domain and thus was
considered to be a member of the no apical meristem (NAM)
transcriptional factor family. Based on sequence similarity, Th10
corresponds to the Arabidopsis gene At5g66300.1, which has not been
functionally investigated to date. The signaling component was only
represented by Th19, which encodes a protein highly homologous to
the Arabidopsis gene At5g66470.1. This protein has a GTP-binding
domain determined from SMART prediction [22] and is deduced to be
related to signaling transduction. Several inferred proteins, such as
Th3, Th4, Th17 and Th22, are putatively involved in the biological
processes in the mitochondria or chloroplasts. Metabolic genes have
also been found, as represented by several ORFs, such as Th12, Th16
and Th18. Other ORFs, such as Th14, Th20 and Th21, still have not had
their putative functions deﬁned.
Although the whole genomic information of salt cress remains
unknown, there exist large collections of expressed sequence tags
(ESTs) from salt cress [13,23,24]. Most of the ESTs were produced
from cDNA libraries from salt cress subjected to environmental
stresses, including high salinity, chilling, freezing, and abscisic acid
treatment [13,23,24]. Six predicted ORFs from ThBAC2 (Th9, Th11,
Th14, Th15, Th16 and Th19) were found in the reported ESTs database
based on BLAST analysis.
Repetitive sequences in ThBAC2
In addition to genes, DNA repetitive sequences represent the
largest fraction of plant genomes. Computer-based searchingmethods
were used to detect the repetitive elements in the BAC sequence. Both
class I (RNA) and class II (DNA) transposable elements are present in
the 83-kb sequence (Table 2).
The two Class I transposons found in ThBAC2 are long terminal
repeats (LTR) retrotransposon types (Table 2). They were designated
Thcopia and Thgypsy because the two transposons fall into Ty1-copia
and Ty3-gypsy groups, respectively (Fig. 1). Both types of retro-Table 2
Summary of repetitive elements in salt cress 83-kb sequence.
Types Number of
elements
Region Length
occupied
(bp)
Percentage
of sequence
(%)
LTR retroelements 2 11168 13.5
Thcopia 1 11153–15417 4265 5.1
Thgypsy 1 37327–44229 6903 8.3
DNA transposons 2 246 0.3
Ac-like element 1 63131–63302 172 0.2transposons were also found in another reported genomic region of
salt cress [17]. Thcopia is a 4265 bp DNA stretch with signiﬁcant
sequence homology to the retrotransposon of the Ty1-copia type (Fig.
1A). Polyprotein motifs were identiﬁed as protease (PR), integrase
(INT), reverse transcriptase (RT) and RNase H, except for group
speciﬁc antigen (GAG) in the potential coding sequence of Thcopia. 5′
and 3′ LTR sequence lengths in Thcopia are identical (147 bp) and
their nucleotide acid compositions differ slightly (Fig. 1B). Addition-
ally, the primer-binding site (PBS, AGTTATCAGCAC) and polypurine
tract (PPT, AAGGGGGAG) structure were detected in Thcopia. A 5-bp
nucleotide (GGATT) ﬂanking the 5′ LTR of Thcopia is similar to the
nucleotide (TGATT) ﬂanking 3′ LTR, therefore, they were considered
variant sequences for target site duplication (TSD). However, Thcopia
is not identical to the intact members of Ty1-copia in some aspects,
because the conserved pattern of terminal short inverted repeats
(5′-TG…CA-3′) is not represented by either of the LTRs, in which only
5′-TG can be observed (Fig. 1B). Another retrotransposon, Thgypsy, is
6903 bp (Fig. 1A). The core motif sequences for GAG, nucleic acid
binding moiety (NA), PR, RT, RNase H, and INT are present in the
putative polyprotein encoded by Thgypsy and array in an order
consistent with that of the representative retrotransposon from Ty3-
gypsy. Both sides of the tentative coding region of Thgypsy are ﬂanked
by LTR sequences of 956 bp. The LTR structures are perfectly
conserved, as indicated by 99% identity between 5′ and 3′ LTR
nucleotide acid sequences and the typical pattern of terminal short
inverted repeats (5′-TG…CA-3′) found in both LTRs (Fig. 1B). In
addition, the typical sequences for PBS (TGGTATCAGAGC), PPT
(GAGGGGGGGAA) and TSD (AACCG) were detected in the conserved
positions for Thgypsy. Comparison with other retrotransposons
showed that multiple mutations involved in in-frame stop codons
and idles have occurred in two salt cress LTR retrotransposons,
rendering them incapable of coding for a functional protein in their
polyprotein coding sequences. These sequence variations may
contribute to their ineffective mobility, but do not change the nature
of Ty1-copia for Thcopia or Ty3-gypsy for Thgypsy.
Besides the two large retrotransposon elements, another trans-
posable element is also found in ThBAC2 (Table 2). It belongs to Class
II elements: Ac-like. Sequence similarity analysis indicated that the
Ac-like transposon is signiﬁcantly homologous to the partial sequence
of Arabidopsis Ac-like elements, as well as hAT-like autonomous DNA
transposon from Homo sapiens. However, this salt cress Ac-like
sequence does not appear to be functional, because it is only 172 bp
and seems to be a remnant of a transposon element.
Microsatellites (or Simple Sequence Repeats), which consist of
tandem repeats of a basic motif of b6 bp, are widely distributed in
many eukaryotic kingdoms [25]. Since they are multi-allelic, micro-
satellites are useful for genetic and evolutionary investigation
purposes. To ﬁnd the microsatellite sequence in the 83-kb salt cress
sequence, we employed the analysis tool SSRIT with minimum repeat
times of 5 (for dinucleotides), 4 (for trinucleotides), and 3 (for
tetranucleotides, pentanucleotides, and hexanucleotides). In total, 59
microsatellites, including ﬁve types (di-, tri-, tetra-, penta- and
hexanucleotide) were identiﬁed (Table 3). Twenty-seven dinucleo-
tides account for the major proportion of the microsatellites, with
repeating TA/AT representing the most abundant microsatellite-type.
When surveying the position of these microsatellites, we found that
they preferentially located in non-coding sequence, except for
trinucleotides, half of which were detected in the predicted exon
sequences.
Comparative analysis of orthologous regions from salt cress and
Arabidopsis
Comparative mapping has been used extensively to establish the
syntenic relationships among different chromosomes from the related
genomes [26–30]. Recently, the approach of sequence-based
Fig. 1. Characterization of the LTR retrotransposons in ThBAC for salt cress. (A) Structure of the LTR retrotransposons: Thcopia and Thgypsy. Box in gray is CDS region; boxes in
different colors are the core domains of gag, RT (reverse transcriptase) and IN (integrase); the big arrows in yellow indicate the LTRs (long terminal repeats) and the little dark
arrows are the TSD (target site duplication); PBS, primer-binding site; the vertical line in the core domain of IN indicates stop codon. (B) Nucleotide sequence alignments of the LTRs
(long terminal repeats). Thcopia and Thgypsy, which consensus nucleotide acids are shown under the aligned sequences. The 5′ and 3′ LTRs in Thcopia and Thgypsy are 147 bp (with
the identity of 93.9%) and 956 bp (with the identity of 99.6%), respectively. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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Table 3
Analysis of microsatellites in the salt cress 83-kb region.
MS type No. MSs kb/MS MS type No. MSs kb/MS
Dinucleotide 27 3.1 Tetranucleotide 12 6.9
TA/AT 14 5.9 CTTC 1 83.0
AG/TC 5 16.6 TTTC 2 41.5
GA/CT 5 16.6 AAAT 1 83.0
AC/TG 1 83.0 TTTG 3 27.7
GT/CA 2 41.5 TCTA 1 83.0
Trinuleotide 16 5.2 ATGC 1 83.0
GTT/AAC 1 83.0 TTAT 1 83.0
TCT/AGA 4 20.8 AAAG 1 83.0
TGG/CCA 1 83.0 AAGA 1 83.0
CAC/GTG 1 83.0 Penta- and
hexanucleotide
4 20.8
TGA/TCA 1 83.0 TAATT 1 83.0
CTT/AAG 2 41.5 AAAAG 1 83.0
ACA/TGT 1 83.0 CAAACG 1 83.0
GAA/TTC 2 41.5 AAACAA 1 83.0
CTC/GAG 1 83.0
GAT/ATC 1 83.0
TTG/CAA 1 83.0
328 Z. Deng et al. / Genomics 94 (2009) 324–332comparative genomics has become a promising strategy for evolu-
tionary studies, such as investigation of microcolinearity among
orthologous loci and analysis of genomic synteny between relative
species at the subchromosome level [31–35]. The available documentsFig. 2. Syntenic relationship between salt cress and Arabidopsis sequence revealed by the Adv
cress 83-kb DNA and Arabidopsis, with the position of the conserved segments in salt cre
sequences indicated, are shown. The predicted genes are annotated at their corresponding p
and a black block above each pip, respectively.have demonstrated that species with close taxonomic relationships
generally share similar genomic features and gene co-linearity to
some extent. We evaluated the extent of genome microcolinearity
between salt cress and Arabidopsis based on the sequenced BAC clone.
TAIR BLASTN analysis revealed that the 83-kb DNA is syntenic to a
genomic portion of Arabidopsis located on the distal end of the long
arm of the 5th chromosome. This syntenic region spans about 79-kb of
the Arabidopsis genomic sequence delimited by the two genes
At5g66270 and At5g66520, in which a total of 26 annotated genes
reside. The ThBAC2 sequence was compared with the corresponding
Arabidopsis sequence using the program PipMaker to display a visual
pattern for overall syntenic relationship (Fig. 2). In PipMaker analysis,
corresponding sequences in the syntenic region of Arabidopsis were
found for the majority of the coding sequences. However, two ORFs
(Th5 and Th7) and the two LTR retrotransposons of salt cress
exhibited a discontinuously homologous feature between the com-
pared sequences.
Using BLAST 21, ORFs, accounting for 87.5% of the predicted ORFs
in ThBAC2, were identiﬁed as counterparts in the syntenic regions
between salt cress and Arabidopsis. Other ORFs showed greater
similarity to the genes from Chromosomes 1 (At1g77370.1) and 3
(At3g47840.1 and At3g53210.1) of Arabidopsis (Fig. 3A and Table 1).
Comparing with the corresponding Arabidopsis sequences, we found
three ORFs (Th5, Th7 and Th17) from the ThBAC2 sequence that were
similar to genes located on Arabidopsis from chromosome 1 or 3 ofanced PipMaker analysis. Percent identity plots (pips) are given for the sequences of salt
ss sequence and the degree of similarity for these segments between the compared
ositions. Transcriptional orientation and exon of each gene are indicated with an arrow
Fig. 3. Comparative analysis of orthologous regions from salt cress and Arabidopsis. (A) Schematic overview of microcolinearity between the sequences of salt cress and Arabidopsis.
Gene distribution, order and orientation are indicated in the sequences. Lines are drawn for denoting homologous gene pairs. A gene relic in Arabidopsis homologous to Th17 is
represented by a block ﬁlled with diagonals. Two retrotransposons (Thcopia and Thgypsy) are also shown in salt cress sequence. Bar=2 kb. (B) Sequence similarity between salt
cress 82919 bp DNA and its homologous sequence from Arabidopsis. A window size of 25 and mismatch limit of 0 were adopted in the matrix analysis of the two sequences.
Horizontal and vertical-axes represent the sequence of salt cress and Arabidopsis, respectively. Based on sequence comparison, the 82919 bp salt cress DNA can be roughly divided
into two parts: fragments A and B. Fragment A is homologous to the complement strand of the analyzed Arabidopsis sequence, but B is homologous to the forward strand of the
Arabidopsis sequence. The sequence lengths (bp) are shown with the numbers 82, 966 and 79,342 for the compared sequence of salt cress and Arabidopsis, respectively.
329Z. Deng et al. / Genomics 94 (2009) 324–332Arabidopsis, but not to those from the syntenic region. Th5 and Th7 are
distinctly homologous to the genes At3g53210 and At1g77370,
respectively. Th17 is highly homologous to the gene At3g47840.1
from chromosome 3 in Arabidopsis. Unexpectedly, Th17 also has a
homologous sequence in the syntenic region of Arabidopsis, residing
between At5g66450 and At5g66460 (Fig. 3A), as demonstrated by
PipMaker analysis (Fig. 2). However, this sequence is abridged and
seems to be a gene relic. The two retrotransposons dramatically
increased the length of the space sequences between the neighboring
genes (accounting for 13.4% of the analyzed sequence) (Table 2). We
also found that ﬁve genes of Arabidopsis (At5g66330, At5g66340,
At5g66370, At5g66410 and At5g66430) did not have homologous ORFs
in the ThBAC2 sequence (Fig. 3A). Since we do not know the whole
genomic sequences of salt cress and who is the common ancestor for
salt cress and Arabidopsis, we lack sufﬁcient information for
comparison and conclusion. Based on data existed, there are at least
two possibilities to explain the different genes arrangement occurred
in the syntenic region of Arabidopsis and salt cress. One is that the
genes (Th5, Th7 and Th17) presented in salt cress ThBAC2 sequence
but not in the syntenic region of Arabidopsis may be the result of the
insertions or translocations of new genes into this region in salt cress.
Another possibility is that those genes may be lost or removed from
the syntenic region in Arabidopsis. Meanwhile, for the ﬁve genes
(At5g66330, At5g66340, At5g66370, At5g66410 and At5g66430) not
occurred in the syntenic region in salt cress, the previous explanationsare also tenable. Either of the possibilities will imply that gene
translocation, addition and deletion play a vital role in chromosome
formation in salt cress. Taken together, despite the discrepancies
existing in the syntenic sequences between the two organisms, it is
notable that salt cress and Arabidopsis share highly conserved gene
content.
Gene order reﬂects an important aspect in microcolinearity
between genomes. In Arabidopsis genome, the genes arrange in the
order from At5g66270, At5g66280… to At5g66520. However, when
surveying the gene orders (except for Th5, Th7 and Th17) between
ThBAC2 and its counterparts in Arabidopsis, we detected a distinct
alternation in manner of inversion in ThBAC2, as shown in Fig. 3A. To
further illustrate this, the sequence similarities between salt cress and
Arabidopsis were analyzed by a dot matrix comparison. In dot-plot
analysis, the entire ThBAC2 sequence was divided into two fragments:
A and B (Fig. 3B). Both fragments are similar to the Arabidopsis
sequence; however, fragment A is similar to a DNA stretch of the
complement strand of its corresponding Arabidopsis sequence, which
indicates a typical sequence inversion in ThBAC2. According to the
gene order in Arabidopsis, Th1 (homologous to At5g66400) should be
placed adjacent to Th14 (homologous to At5g66420) following the
hypothetical order in salt cress. In fact, the two ORFs are far apart and
locate on the left border of fragments A and B, respectively. Fragment
A is connected to fragment B by Th13 (homologous to At5g66270) and
closely adjoining Th14, generating a gene order inconsistent with
Table 5
Estimated times of retrotransposon insertion.
TSD TS IP dK±SE DT (Mya)
Thgypsy 5′ AACCG 5′ TG 99.56% 0.004192±0.0021 0.14±0.07
3′ AACCG 3′ CA
Thcopia 5′ GGATT 5′ TG 93.88% 0.065310±0.0225 2.18±0.75
3′ TGATT 3′ TA
Note. TSD, Target site duplication; TS, Terminal symbol; IP, Identity percent between the
left LTRs and the right ones; dK, The distance estimated by Kimura two-parameter
method; SE, Standard error; DT, Divergence time.
330 Z. Deng et al. / Genomics 94 (2009) 324–332Arabidopsis. Nevertheless, the ORFs within fragments A and B rank in
the same order as ORFs in Arabidopsis. Such DNA rearrangement not
only changes the physical positions of salt cress genes, but also
completely inverts the transcriptional orientations of ORFs in either
fragments A or B, though the direction of ThBAC2 in salt cress
chromosomes is unknown. This alternation phenomenon was not
observed in the reported genomic region in salt cress [17].
Comparative analysis revealed that salt cress and Arabidopsis share
conserved gene structures, including exon/intron number and
position (Supplementary Fig. 1), with the exception of Th20, which
has a different exon/intron number compared with its Arabidopsis
homolog. Pair comparisons demonstrated that exon sequence
identities vary from 85% to 93%, with an average value of 89.1%,
which is signiﬁcantly higher than that of either introns (49.6%) or 5′
ﬂanking sequences (53.4%) (Table 4). The average sequence identity
value (89.1%) of exon sequence is slightly lower than the average
value (92%) reported, which should be due to the small amount of the
ORFs in ThBAC2 we analyzed.
Distances between nucleotide sequences can be used to estimate
times of sequence divergence when there is an estimate of the
nucleotide substitution rate [36]. The average substitution rate of the
Chs (Chalcone synthase) and Adh (Alcohol dehydrogenase)in Arabi-
dopsis has been estimated at 1.5×10−8 substitution per synonymous
site per year, which is near the intergenic mutation rate of rice
(1.3×10−8 substitutions per site per year) [37,38]. We estimated the
divergence time by calculating the difference between 5′ LTR and 3′
LTR in a retrotransposon using the average substitution rate of Chs
and Adh in Arabidopsis (Table 5). Our data suggest that the two LTR
sequences of Thgypsy diverged approximately 0.14 Mya and those of
Thcopia diverged 2.18 Mya (Table 5). We also estimated the diverged
time between three salt cress genes (Th2, Th7and Th12) and their
homologous genes in Arabidopsis (Supplementary Table). Th2 and
At5g66390 diverged approximately 2.4 Mya. The divergence time of
Th7 and At1g77370 was about 4.4 Mya and that of Th12 and
At5g66280 was about 3.0 Mya. These results indicated that the
divergence of these three genes appears to have occurred before the
insertion of the two retrotransposons in this area in salt cress (Fig.
3A). Our results also suggest that salt cress and Arabidopsis have aTable 4
Nucleotide sequence comparison of coding and 5′ ﬂanking regions for genes between
salt cress and Arabidopsis.
Compared gene
pairs
Sequence identity (%)
Exons Introns 5′ Flanking
sequences
Th2–At5g66390 90 61 60.3
Th3–At5g66380 91 53 56.9
Th4–At5g66360 87 66 39.3
Th5–At3g53210 86 64 46.0
Th6–At5g66350 88 43 58.3
Th7–At1g77370 93 63 46.2
Th8–At5g66320 85 30 64.5
Th9–At5g66310 91 54 40.9
Th10–At5g66300 90 17 69.2
Th11–At5g66290 91 40 60.5
Th12–At5g66280 87 – 48.5
Th13–At5g66270 87 24 40.9
Th14–At5g66420 90 70 51.5
Th15–At5g66440 85 – 51.4
Th16–At5g66450 89 65 42.5
Th17–At3g47840 87 – –
Th18–At5g66460 90 32 55.3
Th19–At5g66470 92 72 51.6
Th20–At5g66480 88 20 49.1
Th21–At5g66490 92 – 70.0
Th22–At5g66500 90 – 64.2
Th23–At5g66510 91 70 54.9
Average identity 89.1 49.6 53.4close evolutionary relationship because of the short phylogenic
distance between those homologous genes in the two species
(Supplementary Table and Fig. 2).
Taken together, these results suggest that salt cress and Arabidopsis
shared a close evolutionary relationship during the speciation process.
Theymay have undergone a relatively short evolutionary history after
evolving from an undeﬁned common progenitor.
Conclusion
We report on 83-kb genomic sequences from one salt cress BAC
clone. For the ﬁrst time, we describe and analyze the genomic feature
in salt cress. Twenty-two salt cress genes are annotated based on
BLAST analysis. Comparing the salt cress genes with their homologous
genes in Arabidopsis, we ﬁnd that they share the conserved gene
sequence and structure, including exon/intron number and position.
Repeat sequences, such as LTR retroelements, DNA transposons and
some microsatellites, are also harbored in this BAC sequence. Using
comparative analysis with other repeat sequences in Arabidopsis, we
were able to conclude that salt cress shares a close relationship with
Arabidopsis at the molecular level. Our study also revealed that
genomic DNA alternations (involving chromosome inversion, se-
quence loss and gene translocation) have contributed to the
discrepancies in genomic sequences noted between salt cress and
Arabidopsis. These data clearly suggest that salt cress and Arabidopsis
shared a close evolutionary relationship during the speciation process.
Theymay have undergone a relatively short evolutionary history after
evolving from an undeﬁned common progenitor.
Materials and methods
Sequencing
The salt cress BAC library was constructed with the binary BAC
(BIBAC) vector [39]. A BAC clone designated ThBAC2 was subjected to
complete sequencing, which was selected from several candidate
clones after estimating the inserted fragments in agarose gel using
CHEF apparatus (Bio-Rad). The BAC plasmid was puriﬁed by a cesium
chloride gradient. For the shotgun approach, sheared BAC DNA (3 kb)
was ligated into a pBluescript vector and transformed into Escherichia
coli strain DH5a. The shotgun sub-clones with inserts of about 3 kb
were sequenced from both ends by the dideoxy chain termination
method using BigDye Terminator Cycle Sequencing V3.1 Ready
Reaction (Applied Biosystems). All the reactions were analyzed on
ABI3730xl Capillary Sequencing machines (Applied Biosystems). The
sub-clones were sequenced to generate between eight- and ten-fold
coverage. Each BAC was assembled from the shotgun sequences using
the PHRED and PHRAP26 programs. For sequence ﬁnishing, we used
the GAP4 program of the Staden Packages to help edit and select the
additional sequencing reactions for gap closure and problem solving.
Sequence gaps were closed by using various dye-labeled terminator
chemistries or by a combination approach of primer walking and
polymerase chain reaction with oligonucleotides. The complete
sequence of ThBAC2 has been deposited in GenBank database under
the accession number DQ226510.
331Z. Deng et al. / Genomics 94 (2009) 324–332Analysis of sequence data
The open reading frames (ORFs) in genomic sequence were pre-
dicted with the gene-ﬁnding tools: FGENESH (http://www.softberry.
com), GENESCAN (http://genes.mit.edu/GENSCAN.html), and GENE-
MARK.HMM (http://opal.biology.gatech.edu/GeneMark/eukhmm.
cgi) adopting the Arabidopsis settings. The homology searches for the
resulting ORFs were performed against the NCBI nonredundant
database as well as the TAIR database (http://www.arabidopsis.org/)
with BLASTN and BLASTP programs. In order to determine the precise
exon/intron positions for the inferred ORFs, pair comparisons were
conducted at both DNA and protein levels by aligning each of the ORFs
with its best homologs. Based on this analysis, we adopted the most
reasonable predicted results and manually adjusted the exon/intron
positions for a few ORFs. Microsatellites were identiﬁed using SSRIT
(Simple Sequence Repeat Identiﬁcation Tool, http://dev.gramene.org/
db/searches/ssrtool). The searches for repetitive elements in the BAC
sequence were conducted with the programs RepeatMasker (http://
www.repeatmasker.org/cgi-bin/WEBRepeatMasker) and BLASTN,
locally searching against the download database of Arabidopsis repeat
sequences. The overall BAC sequence was compared with the
homologous sequence from Arabidopsis using the program PipMaker
[40] as well as Dot-plot analysis [41]. The predicted motifs were
identiﬁed for salt cress proteins and polyproteins of retrotransposons
by using the web tools: SMART (http://smart.embl-heidelberg.de/),
InterProScan (http://www.ebi.ac.uk/InterProScan/) and MotifScan
(http://myhits.isb-sib.ch/cgi-bin/motif_scan).Acknowledgments
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